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A B S T R A C T
There is a well-established need for increased stakeholder participation in the generation of adaptive manage-
ment approaches and specific solutions to complex environmental problems. However, integrating participant
feedback into current science, research, and decision-making processes is challenging. This paper presents a
novel approach that marries a rigorous Delphi method, borrowed from policy and organizational sciences, with
contemporary “crowdsourcing” to address the complex problems of water pollution exacerbated by climate
change in the Lake Champlain Basin. In an online Delphi forum that occurred over a six-week period during the
Spring of 2014, fifty-three participants proposed and commented on adaptive solutions to address water quality
in the context of climate change. In a follow up Multi-Stakeholder workshop, thirty-eight stakeholders partici-
pated in refining and synthesizing the results from the forum. To inform modeling and policy dialogue, the
resulting list of interventions was analyzed by time horizon, domain, type of adaptation action, and priority
level. The interventions suggested by stakeholders within the crowdsourcing forum have contributed to the
current policy dialogue in Vermont including legislation to address phosphorus loading to Lake Champlain. This
stakeholder approach strengthens traditional modeling scenario development to include solutions and priorities
that have been collectively refined and vetted.
1. Introduction
The contribution of stakeholder participation to scientific inquiry is
an important strategy in promoting an adaptive management approach
in policy and practice, and examining alternative stable states and
scenarios (Klenk et al., 2015; Peterson et al., 1997). Although the need
for increased participation in the generation of solutions is well-estab-
lished, integrating participant feedback into current science, research,
and decision-making processes is challenging (Fazey et al., 2014; Klenk
et al., 2015; Reed, 2008). Stakeholder processes are needed to manage
uncertainty, adaptively define problems, and expand the set of solutions
that can be considered for multiple end-users in research, policy, and
practice (Dietz et al., 2003; Fazey et al., 2014; Patterson et al., 2013;
Van der Brugge and Van Raak, 2007). High levels of complexity and
uncertainty require diverse knowledge and values of multiple stake-
holders across scientific and other communities of practice (Folke et al.,
2005; Ostrom, 2009; Patterson et al., 2013). Participatory processes
that integrate explicit and tacit knowledge can add legitimacy and ac-
countability in instances when science occurs amid ambiguous political,
social, environmental, and economic values (Bäckstrand, 2003; Norton
and Steinemann, 2001; van den Hoek et al., 2014).
The need for stakeholder involvement is demonstrated by the gap
between scientific knowledge and the generation of useful adaptation
information for decision makers, a gap that persists despite a growing
body of literature in climate, hydrological, and engineering sciences
(Bradshaw and Borchers, 2000; Fowler et al., 2007; Pahl-Wostl et al.,
2007). Without stakeholder engagement, scientific models can present
solution sets that mishandle ambiguity and tradeoffs, and oversimplify
existing knowledge and experience (MacMillan and Marshall, 2006;
Susskind, 2013; Zia et al., 2011). In the example of water pollution,
biophysical models are constrained by imperfect estimates of complex
interdependent climate, hydrological, and biogeochemical interactions
(Couture et al., 2014; Fowler et al., 2007; Isles et al., 2015). The le-
gitimacy and effectiveness of model outputs for informing decision
making are further constrained in that they often do not account for the
dynamic, uncertain, and interdependent governance contexts of social-
ecological systems (Bäckstrand, 2003; Folke et al., 2005; Pahl-Wostl,
2009; Patterson et al., 2013). When there is no single right or wrong
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T
answer in translating science to management, stakeholders can con-
tribute critical input (Bäckstrand, 2003; Clayton, 1997; Moore et al.,
2009).
Decision-makers continuously take action to manage land and water
resources with present knowledge, priorities, and values (Bradshaw and
Borchers, 2000; Kiparsky et al., 2012). Swart et al. (2014) argue climate
change adaptation requires a practice-oriented approach that is
grounded in scientific inquiry across disciplines. Both biophysical
models (Walters, 1997) and a common language (Biagini et al., 2014)
are important to understand adaptation and inform management.
Biagini et al. (2014) present a typology of adaptation actions based on
reviewing climate change adaptation literature, and actual funded
Global Environment Facility adaptation projects. Ten overarching ac-
tions were identified: capacity building, management and planning,
practice and behavior, policy, information, physical infrastructure,
warning or observing systems, green infrastructure, financing, and
technology (Biagini et al., 2014). Biagini et al. (2014) found that im-
plementation depended on the capacities of the communities where
projects occurred, underscoring the need to align policy options with
community-level capacity.
Multiple stakeholder engagement approaches have been discussed
in the adaptive management and environmental governance literature,
including multi-day focus groups, participatory multi-criteria analysis,
participative workshops, and round-tables (Clayton, 1997; Folke et al.,
2005; Gregory and Keeney, 1994; Hage et al., 2010; Ker Rault and
Jeffrey, 2008; O’Neill et al., 2013; Stirling, 2006). Participatory stake-
holder engagement approaches have different benefits and trade-offs
related to susceptibility to power dynamics, empowerment, surfacing
diverse knowledge types, establishing clear problem bounding and
structuring, and usability of outputs (Kalafatis et al., 2015; Mielke et al.,
2016; Reed, 2008; Stirling, 2006). With the advancement of informa-
tion technology and social media tools, new opportunities exist for
structuring stakeholder engagement. Here, we evaluate the ability of a
novel crowdsourcing Delphi method to facilitate stakeholder partici-
pation and provide emergent, bottom-up feedback about creative so-
lutions and decision alternatives that inform research and policy
pathways in the adaptive management of multi-scale environmental
problems. An online crowdsourcing Delphi was employed to facilitate
generation of solutions from a diverse set of stakeholders, which was
used to direct scientific inquiry, develop models, and inform practice, to
address the problem of phosphorus pollution coupled with climate
change in Lake Champlain Basin (Vermont & New York USA, and
Quebec, Canada).
1.1. The Delphi method and crowdsourcing
The “Delphi method” is a transparent and robust strategy to inter-
pret factual evidence, and anticipate future solutions and priorities
under uncertainty (MacMillan and Marshall, 2006; Powell, 2003;
Rikkonen and Tapio, 2009; Webler et al., 1991). In a structured Delphi
communication process, a group of participants, typically with ex-
pertise in the subject matter, undergo multiple iterations of a ques-
tionnaire exercise to discover opinions, determine the most important
issues, and identify areas of agreement. Feedback throughout the pro-
cess is structured via a coordinator to ensure anonymity and to generate
the findings and conclusions of the process (Hasson et al., 2000;
Linstone and Turoff, 1975; Plummer and Armitage, 2007). In a Delphi
group setting, with anonymous participation and repeated phases of
refinement, points of consensus and disagreement are validated, and
the inhibition of novel ideas (Dalkey and Helmer, 1963), destructive
power dynamics, and bandwagon effects creating bias can be avoided
(Powell, 2003). The Delphi method can provide a “shortcut” strategy to
synthesize and harness complex information promoting an adaptive
management approach to decision-making within socio-ecological
problems where science is incomplete (Hess and King, 2002).
The Delphi method has been used for a range of applications such as
forecasting, decision making, analysis, and scoping, in fields as diverse
as technology (Dalkey and Helmer, 1963), commerce (Addison, 2003),
nursing (Hasson et al., 2000; Powell, 2003) education (Clayton, 1997),
agriculture (Angus et al., 2003; Menard et al., 1999), planning (Hess
and King, 2002), public policy (Hilbert et al., 2009), environmental
management (Moore et al., 2009; Plummer and Armitage, 2007),
ecology (MacMillan and Marshall, 2006), and vulnerability analyses
(Brooks et al., 2005; Webler et al., 1991). These different studies ad-
dress local, regional, national, and global problems and give examples
of narrowly and broadly defined “expert” groups of researchers, reg-
ulatory authorities, project managers, resource managers, civil society,
and contractors (Addison, 2003; Angus et al., 2003; Hess and King,
2002; Hilbert et al., 2009; Plummer and Armitage, 2007; Webler et al.,
1991). Traditionally, studies using the Delphi method have used re-
peated rounds of mail-in questionnaires and semi-structured interviews
(Hess and King, 2002; Rikkonen and Tapio, 2009), but examples have
also involved group approaches (Webler et al., 1991) and the use of
online tools (Hilbert et al., 2009). Mail-in Delphi surveys can be labor
and time intensive hampering the study’s impact, while a “real-time
Delphi” using an online format to gather multiple perspectives reduces
processing burden and the study duration (Nowack et al., 2011; Hess
and King, 2002).
The interactive, social, World Wide Web and communication tech-
nologies have greatly expanded researchers’ capabilities of reaching
broad audiences, and enabled applications of participatory methods to
address scientific, public policy, and societal questions on a massive
scale (Crain et al., 2014; Dickinson et al., 2013; Prpić et al., 2015;
Wiggins and Crowston, 2011). Examples of applications of crowdsour-
cing to problem solving, task completion, and idea generation include:
Galaxy Zoo, MIT’s Climate CoLab, Sustainia and Quirky (Lohr, 2015;
MIT Center for Collective Intelligence, n.d.; Prpić et al., 2015; Sustainia,
n.d.; Wiggins and Crowston, 2011). Crowdsourcing can take many
forms, but refers to the open call for contributions from a large network
of people to address a problem (Wiggins and Crowston, 2011). Beyond
business, it extends to public policy and planning to surface collective
intelligence and creative solutions (Brabham, 2009) through virtual
labor markets, tournament crowdsourcing, and open collaboration
techniques (Prpić et al., 2015). Prpić et al. (2015) review applications
of crowdsourcing to different stages of the policy cycle (Howlett and
Ramesh, 1995), with open collaboration being the most common
technique.
1.2. The case of Lake Champlain Basin and phosphorus pollution
Despite significant efforts over decades to address nutrient pollution
(primarily phosphorus), eutrophication and harmful algal blooms per-
sist across portions of Vermont, New York, and Quebec in Lake
Champlain (Crawford, 2014; Lake Champlain Basin Program, 2012;
Osherenko, 2013) (See Fig. 1). The land uses that contribute to phos-
phorus pollution across the basin include development (stormwater and
wastewater), agricultural, forested, floodplain, and riparian land; their
settings involve interwoven physical processes, management practices,
and governance systems (Patterson et al., 2013 U.S. Environmental
Protection Agency (EPA), 2016). The responsibility for cleanup is not
under one agency, but is within the purview of federal, state, and local
governments, the International Joint Commission, non-governmental
organizations, landowners, concerned citizens, the private sector, and
interest groups (Koliba et al., 2014; Scheinert et al., 2015). This am-
biguity contributes to tension among farmers, city dwellers, and lake-
front landowners as well as local governments and national agencies
regarding how to effectively mitigate water pollution in the basin
(Gaddis et al., 2010). The landscape of phosphorus sources, drivers, and
institutions requires adaptive policy and planning solutions that ac-
count for climate change impacts and different time lags associated
with possible interventions and best management practices (Meals
et al., 2010; State of Vermont, 2015). After an earlier plan did not
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Fig. 1. Map of Lake Champlain Basin land cover types. Agriculture is estimated to contribute 41% (261MT/yr), forests 16% (101 MT/yr), developed land 18% (114 MT/yr), wastewater
treatment facilities 4% (25 MT/yr) and stream banks 21% (130 MT/yr). To meet Vermont’s phosphorus TMDL for Lake Champlain a 34% reduction of 213 MT/yr is needed across these
sectors. Target allocations for agriculture is 118 MT/yr, forests 82 MT/yr, developed land 93 MT/yr, wastewater treatment facilities 32 MT/yr, and stream banks 71 MT/yr, with a margin
of safety of 21 MT/yr (U.S. EPA, 2016).
Source: Lake Champlain Basin Program, 2007.
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satisfactorily address diverse sources of phosphorus and was revoked, a
new Total Maximum Daily Load (TMDL) for the Vermont portion of
Lake Champlain Basin, authorized through the United States Clean
Water Act (CWA), was required to account for added challenges related
to climate change (State of Vermont, 2015; Osherenko, 2013). A draft
Vermont TMDL Plan for the LCB was completed in 2015 and accepted
by the EPA in 2016. The plan includes new and enhanced regulation,
funding and financial incentives, and technical assistance. The plan il-
lustrates the challenge ahead in that these commitments “will require
new and increased efforts from nearly every sector of society, including
state government, municipalities, farmers, developers, businesses and
homeowners” (State of Vermont, 2015).
2. Methods
This research was conducted by a transdisciplinary team, supported
by the National Science Foundation-funded Vermont EPSCoR project
“Research on Adaptation to Climate Change” (RACC). The RACC team’s
objectives included research that would help build regional adaptive
capacity in the Lake Champlain Basin while studying and integrating
governance, land use, hydrological, and biophysical systems (Koliba
et al., 2016). RACC brought together major academic, governmental
and non-governmental partners in the region. In March 2014, RACC
launched Crowdsourcing Solutions to Climate Change in Lake Cham-
plain Basin (CSS2CC.org), an interactive online Delphi forum, to source
and identify adaptive interventions from a group of stakeholders over a
six-week period. A multi-stakeholder workshop followed the online
Delphi forum in May 2014 to refine the interventions. In a structured
brainstorming and scoping exercise the online Delphi forum and follow
up workshop was established to identify solutions to mitigate water
pollution under climate change in Lake Champlain Basin and bring
forward collective knowledge and values of stakeholders and experts.
2.1. Development of an interactive online forum: crowdsourcing adaptive
interventions in an online Delphi forum
The Delphi online crowdsourcing platform used in this research was
supported by interdisciplinary expertise in the natural, social, and
computer sciences (Crain et al., 2014; Dickinson et al., 2013). As noted
by similar initiatives, a web developer was an essential member of the
research team, designing a custom site with a simple user interface and
capacity for a large audience (Crain et al., 2014; Moore et al., 2009).
The online Delphi forum, CSS2CC.org, contained “tabs” for six web
pages, organized by: “Introduction and Directions,” “Personal In-
formation,” “My Interventions,” “All Interventions,” “Background
Materials,” and “General Discussion.”
The “Background Materials” page provided literature and regional
resources on historical climate trends and projections, and current
management strategies. Participants were encouraged to review the
materials found in the Background Materials page as part of forming
their proposed interventions. The collection of materials (Galford et al.,
2014; Guilbert et al., 2014; Institute for Sustainable Communities,
2013; Lake Champlain Basin Program, 2012) was not intended to be
comprehensive, but to capture some of the salient water pollution and
climate change science and highlight examples of key regional efforts in
the Lake Champlain Basin. This section also included a network map of
climate impacts, which was generated in a stakeholder workshop in the
fall of 2012. The “General Discussions” page provided a space for
communication with the research team, technical assistance, sharing
additional resources, and a general discussion of the online forum itself.
On the “My Interventions” page, participants proposed their ideas
for adaptive interventions to promote water quality in the Lake
Champlain basin. While it was recognized that many types of inter-
ventions and solutions can span multiple “domains,” participants were
asked to categorize their interventions within one of the following
domains: “Agriculture,” “Stormwater,” “Wastewater,” “Forestry,”
“Transportation,” “Energy,” “Public Health,” “River Management,”
“Development & Land Use,” “Emergency Management,” and
“Fish &Wildlife.” For each of their proposed interventions participants
provided a title and a rationale comprising a few sentences with details
about each intervention (See Fig. 2). Participants were also asked to
identify the time horizon over which their proposed interventions
would likely be able to be implemented, using the definitions here.
“Short Term Interventions” were defined as operational interventions
that can be implemented, given the existing policy frameworks over a
0–12-month time horizon. “Intermediate Term Interventions” are tac-
tical interventions that can be implemented, after some changes are
made to the existing policy frameworks, over a 1 to 10-year time hor-
izon. “Long Term Interventions” are strategic interventions that include
significant preparation and would be implemented at the 10–40-year
time horizon.
From the “My Interventions” page, participants could view other
participants’ comments on their interventions and respond by posting
new comments. All interventions could be sorted by domain, number of
comments, rating, and alphabetically by title, and could be filtered with
a keywords search. On the “All Interventions” page; participants could
view the entire set of proposed interventions and discussion threads;
this encouraged an interactive dialogue through comments and feed-
back to refine each of the interventions (Fig. 3).
Fig. 2. Screenshot of “My Interventions” page from the online forum CSS2CC.org. Participants used form to enter interventions with rationale, domain, and time horizon for im-
plementation. Participant comments in an online dialogue about interventions could be viewed and added from this page as well.
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2.2. Participant recruitment
To reduce bias in the Delphi forum (Angus et al., 2003), we sought
input from a broad pool of stakeholders including experts in the fields
of natural and climate sciences, environmental policy and planning,
federal agency personnel, state agency personnel, elected officials, town
managers, planners, and public work directors, environmental activists,
non-profit representatives, technical assistance providers, farmers, de-
velopers, leaders from business and tourism, and individual citizens.
Close to two hundred organizations and community groups were
identified and contacted by email. Prospective participants were
contacted through farmer organizations, university list-serves, outreach
at the Vermont State House during the 2014 session of legislature, and
through individual emails to key stakeholders. The general public was
contacted through press releases in the local and campus news, inter-
views on local television, as well as through classes at local colleges and
universities. We estimate that over one thousand individuals heard
about the forum, but the precise number of individuals reached cannot
be known as a result of using various proprietary list-serves. Gift cer-
tificates of twenty dollars to an online website featuring Vermont pro-
ducts were provided as incentives for participation in the forum; par-
ticipants who contributed interventions and comments to the online
Fig. 3. Screenshot of an example of a discussion thread for an intervention proposed on CSS2CC.org and categorized in the Agriculture domain. The screenshot includes the original title
and rationale proposed by participant #69 and comments made about the proposed intervention by seven additional participants.
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forum were entered into a raffle for an Apple iPad.
A new feature was added within a week of launching the website
where participants would be notified if their interventions received
comments. Updates and reminders were also sent to participants en-
couraging them to revisit the site each week. In an effort to recruit
additional participants, midway through the six-week online forum, the
system was modified so that interventions and posted comments could
be viewed prior to registering on the website and entering personal/
demographic information; this was done to encourage participation by
allowing content to draw activity to the site.
The research team initially recruited 204 participants to the online
Delphi forum who provided their email addresses to the site and re-
sponded to the recruitment appeals. Fifty-three participants went on to
complete the personal/demographic information page and suggested
interventions and/or commented on other participants’ proposed in-
terventions. The majority of the professions were either in non-profit,
research, education, or agriculture, but professionals from all levels of
government, and from real estate, community development, health,
business, and tourism participated. State and federal agency re-
presentatives, elected officials, scientists and policy experts, students,
and engaged citizens were among participants. 106 interventions were
entered during the six-week period.
2.3. Generative framing of adaptive solutions from the online Delphi forum
At the end of the six-week online forum, participants’ interventions
and comments data were analyzed. Repeated interventions were com-
bined, and unclear interventions with no stated mechanism of action
were removed, reducing the total number of interventions from 106 to
68. The list of domains was adjusted to fit the set of proposed inter-
ventions and feedback in the comments. “Wastewater” was changed to
“Wastewater &Waste Management;” “Transportation” and
“Development & Land Use” were combined; and “Cross-sector” replaced
the “Other” category. “Energy” and “Public Health” were omitted for
lack of relevant interventions, and no interventions were proposed in
the “Emergency Management” and “Fish &Wildlife” domains. Original
wording by participants was kept as much as possible with the intention
of sharing the summary of results at the Multi-Stakeholder Workshop.
2.4. Multi-Stakeholder workshop
Stakeholder workshops can be used as a follow-up to the Delphi
method to synthesize and evaluate findings (MacMillan and Marshall,
2006; Moore et al., 2009). In a follow-up to the online Delphi, forum
participants, including those who only entered their email addresses in
the online forum, were invited to a Multi-Stakeholder Workshop in May
2014. All prior emails, press releases, as well as the regular reminders to
contribute ideas to the online forum, included invitations to participate
in the Multi-Stakeholder Workshop. Thirty-eight participants met to
collectively group and prioritize the solutions that were collected via
the online forum. Participants in the workshop were organized into
small groups and carried out several activities. First, participants were
asked to identify opportunities and challenges for implementation of
the 68 interventions that emerged after the online forum, based on
various degrees of financial resource availability, distinct policy fra-
meworks, and alternative governance conditions. Next, groups of
workshop attendees suggested improvements to interventions, made
recommendations for similar and/or complementary interventions to
be combined, and proposed additional interventions be added to the
list. Last, participants were asked to identify Critical Interventions,
defined as being critical to promoting adaptive capacity in the Lake
Champlain Basin. Groups were asked to plot implementation projec-
tions of these interventions over “short,” “intermediate,” and “long-
term” time horizons.
2.5. Post-workshop analysis
Comments and additional suggestions from participants in the
multi-stakeholder workshop to the list of 68 interventions were ana-
lyzed by the research team. Attendees proposed entirely new inter-
ventions but most of the input focused on the comments to the inter-
ventions that were presented in the workshop. Some comments added
improvements, questioned the effectiveness or feasibility of im-
plementing specific interventions, and also suggested some interven-
tions be omitted entirely. In addition, workshop attendees suggested
specific interventions to be combined that either would be compli-
mentary together, or to remove redundancy. Synthesis of these com-
ments brought the list to a total of 55 interventions, which reflects the
collective input of the participants during the online forum and work-
shop periods in the spring of 2014.
2.6. Framework for analysis of interventions
There are multiple dimensions of the stakeholder-generated inter-
ventions that can be analyzed and be beneficial to different questions
and problems in research, policy, and decision-making contexts. These
interventions were intended to feed in to RACC efforts in two ways. The
interventions were intended to inform broader policy and practice
dialogue, and they were intended to inform scientific research and in-
tegrated assessment models. Using information, tools and laws from
multiple disciplines, Integrated Assessment Models “aim to represent
complex environmental problems, to identify potential solutions to
these problems, and to orient future research” (O’Neill et al., 2013; p.
460). Accordingly, we sought a system for categorizing the interven-
tions for these purposes. The interventions were analyzed by time
horizon, domain, type of “adaptation action” as adapted from Biagini
et al. (2014), and priority level. The domain and time horizons can be
used to model the implementation of different interventions for specific
land uses over time. The list of 55 interventions were coded using
Biagini et al.’s (2014) adaptation actions as a template for analysis
(Crabtree and Miller, 1999) to identify patterns within individual do-
mains and throughout all of the interventions. The projected im-
plementation time horizon ascribed for each intervention was included
in the online phase, whereas group deliberation regarding what would
be the appropriate implementation periods for the “Critical Interven-
tions” (Section 2.4) took place during the workshop.
3. Results
3.1. Stakeholder generated solutions: domain, time, adaptation action, and
priority
The set of adaptive interventions that emerged through the
crowdsourced online Delphi forum and stakeholder workshop spans
spatial and temporal scales, and describes a broad set of actors and
policy tools (See Supplementary materials: Participant Generated Set of
55 Adaptive Interventions). Here, the interventions were classified by
domain, time horizon, adaptation action, and priority to initially in-
terpret the rich knowledge embedded in this Delphi forum.
The majority of interventions generated by the online Delphi forum
fell in the Agriculture, Development, and Stormwater domains (See
Fig. 4). Many interventions spanned multiple land uses, despite the
assignment of interventions to single domains for the online forum. In
the Agriculture domain, examples of short-term interventions included
cover cropping and improved manure spreading, increasing soil health
(Fig. 3) and establishing riparian buffers were characterized as inter-
mediate-term interventions, and restoring a regional nutrient balance,
and mining soil phosphorus were identified as long-term interventions.
In general, we observed that interventions with significant impacts to
livelihoods, revenue streams, infrastructure, management systems, and
policy were listed by participants as requiring longer implementation
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horizons across the domains. By contrast, interventions proposing
comparatively simple changes in behavior, or wider adoption of ex-
isting practices, were assigned shorter implementation horizons overall.
The resulting intervention list after the stakeholder workshop was
classified according to the Biagini et al. (2014) typology, which iden-
tifies specific actions embedded in adaptation strategies. The majority
of the actions proposed within the crowdsourced interventions list can
be categorized as “Policy,” “Management and Planning,” “Practice &
Behavior,” “Capacity Building,” and “Green Infrastructure” (Fig. 5).
Many of the interventions involve public, private, and non-profit sector
actors, and combine more than one adaptation action. For example, one
intervention combined four adaptation actions; “Practice & Behavior,”
“Policy,” “Green Infrastructure,” and “Management & Planning.” Two
interventions combined “Green Infrastructure,” “Management &
Planning,” and “Financing.” Five of the interventions combined
“Policy” and “Practice & Behavior” actions. Across the domains, the
distribution of adaptation actions highlights the several types of fi-
nancial, political, and social capital required to accomplish many of the
proposed interventions.
The most frequent adaptation actions in the Agriculture domain
were those related to “Policy,” “Practice & Behavior,” and “Capacity
Building.” These agricultural interventions call for changes at the farm
level with complementary public support for technical and financial
assistance, education, and regulation. Stormwater interventions em-
phasize technological actions including “Physical Infrastructure” and
“Green Infrastructure,” which require capital investments and technical
knowledge at the landowner, municipal, and state scales, as well as
actions related to “Practice and Behavior,” “Policy,” and “Capacity
Building.” The interventions for Development Transportation & Land
Use had a greater proportion of adaptation actions in the
“Management & Planning” and “Policy” categories, calling for increased
environmental regulation, changes to land use policies, and broad shifts
in approaches to land use planning.
Ten “Critical Interventions”were identified in the Multi-Stakeholder
Workshop following the online forum, and were thought by the parti-
cipants to have the most promise to sustain adaptive capacity in the
Lake Champlain Basin. Fig. 6 shows the list of Critical Interventions and
their proposed implementation time horizons, as identified by
Fig. 4. Identified implementation time horizons for 106 interventions proposed by CSS2CC.org participants during first phase of the online Delphi forum.
Fig. 5. Intervention adaptation actions by domain from workshop. (Domain list was adjusted after online forum). Adaptation actions based on Biagini et al. (2014) typology.
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participant groups in the workshop. The list of Critical Interventions fell
within the domains of Stormwater, Development, Transportation, and
Agriculture. The Critical Interventions vary in the number and type of
actions that are encompassed. Interventions potentially encompassing
significant more actions spanned wider implementation time horizons.
3.2. Stakeholder comments and dialogue in the online forum and workshop
The interventions surfaced during the online forum and subsequent
workshop generated a dialogue and exchange of ideas between parti-
cipants about solutions to protect Lake Champlain’s water quality.
Participants made comments on more than half of the interventions,
and a total of one hundred forty-two of their entries added input to
original interventions that were proposed. Participant comments sought
to clarify and affirm proposals such as, “Give property tax incentives for
enhanced stormwater management” and gave ideas for additional di-
mensions to interventions. Interventions that were perceived to reflect
preconceptions or misinformation, often generated clarifications from
fellow participants. An intervention proposing to “phase out Dairy”
received comments with multiple sentiments including: “Elimination of
any group is counter-productive, changing how people behave on the
landscape is not;” “Dairy annually accounts for 70–80% of VT's
Agricultural Sales…from the perspective of one within the dairy in-
dustry, interventions should promote education and financial assistance
for dairies to implement and practice ecologically sound practices (i.e.
Carbon storing, Habitat restoration, Riparian buffers, permanent ve-
getation in flood zones, etc.);” “A Vermont without farms will be paved
and subdivided, or become a place only for those who can afford to
purchase large tracts and keep them idle. People who wish to live in
Vermont must have a way to earn their living, and small scale farming
offers one way to do so;” and “A great solution to this is the im-
plementation of anaerobic digesters for farms. Not only does this reduce
the amount of methane emitted into the atmosphere, it harnesses this
GHG into a usable fuel source for farmers. Of course, the up-front costs
of this technology are high, multiple farmers can share this cost and
technology.” Interventions that exaggerated potential effectiveness of
solutions, drew input that deepened the dialogue, raising social, eco-
nomic, political, environmental, and technological considerations.
Participant comments also pointed to existing policy and regula-
tions, and suggested improvements with specific policy tools (in-
centives, taxes, cost-sharing, etc.), as well as higher-level collaboration,
regional watershed management, and opportunities for returns on in-
vestment and savings. For example, comments regarding an interven-
tion proposing to develop a water quality mitigation bank included
input about existing capacity and limitations in state government, si-
milar existing initiatives, and the need for watershed-level governance
as opposed to administration at a municipality level. Comments also
highlighted the need for tailoring of interventions with criteria and
impact measures, to avoid wasted efforts and unwanted impacts. Some
interventions in the Agriculture and Stormwater domains raised com-
ments about cost-benefit ratios and implementation challenges. In ad-
dition to the examples in the previous paragraph, an intervention
calling for more regulation of small farms included a dialogue about
negative economic impacts, and questions about how it could be rea-
sonably enforced. Comments also pointed to a need for more informa-
tion to be able to guide decisions for infrastructure improvements. For
example, a comment that “up to date precipitation data” was needed
was added to the intervention calling for “properly sized culverts” to
prevent washouts and negative downstream impacts. Participant sub-
mission of comments helped create discussion around suggested
Fig. 6. Critical Interventions (see Supplementary materials for full title of each Critical Intervention) and estimated time horizon for implementation identified by participant groups in
workshop. Groups’ estimate period for implementation is signified by an “X”. A circled “X” signifies more than one group identified that time period.
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interventions, added depth to the complexity of the issue, and yielded
recommendations for specific contexts.
4. Discussion
4.1. Analysis of stakeholder generated solutions
The crowdsourcing Delphi yielded ideas for interventions and ac-
tions, across domains, revealing specific conditions, capacities, and
types of coordination needed between actors providing opportunities to
address complex problems (Michelucci and Dickinson, 2016). The
greater number of interventions in the Agriculture, Development, and
Stormwater domains is likely attributed to these being the major land
uses in Vermont that contribute phosphorus to Lake Champlain, and to
public perceptions of the water pollution problem (Flagg, 2015; U.S.
EPA, 2016; Wertlieb and Bodette, 2014) (See Fig. 1). In the case that
fewer interventions were suggested for a particular domain, it may be a
result of some form of pollution mitigation having already occurred,
such as improvements in treatment of Wastewater, or it may be that
there is a lesser concern for the domain as it pertains to water quality,
such as with the domain of Energy. Evaluation of the projected time
horizons for implementation of the interventions from the online por-
tion gives further insight into the incremental and transformative
adaptations (Park et al., 2012) that were proposed by participants. In
the case of this research, the time horizons were used to cluster inter-
ventions so that they could be integrated within broader assessment
models that combine social, ecological, and climate dynamics in the
Lake Champlain Basin (Zia et al., 2014, 2016). This temporal categor-
ization is recommended for other Delphi processes where changes in
inputs over time are a consideration.
The classification of the resulting intervention list according to the
Biagini et al. (2014) typology (see Fig. 5), identifies common actions
throughout the stakeholder solutions. The high incidence of “Policy”
and “Management and Planning” as compared to “Physical Infra-
structure” or other actions, emphasizes the need for change at the in-
stitutional and government levels to promote improved planning,
management, and rule making. Where the “Technology”-related actions
are generally more financially constrained, the interventions with
“Capacity Building,” “Management & Planning,” “Practice & Behavior,”
and “Policy” actions reflect the needs for social learning, and political
and social will, to change behavior and ruling paradigms (Biagini et al.,
2014; Pahl-Wostl, 2009; Van der Brugge and Van Raak, 2007).
The proposed interventions reflect stakeholder preference and per-
ception of what is needed. While more tangible actions such as
“Physical Infrastructure” may require more financial capital, they be
less difficult to achieve than efforts such as changing “Management and
Planning” and “Practice and Behavior,” and may be reflective of dif-
ferences between achieving incremental and transformative adaptation
strategies (Park et al., 2012). The complexity of implementing inter-
ventions with multiple adaptation actions (Biagini et al., 2014) that
cross governance, spatial, and temporal scales underscores the need for
exchange of tools and knowledge within a polycentric governance
system (Koliba et al., 2010; Ostrom, 2010; Pahl-Wostl, 2009). The in-
terventions call for action from public, private, and non-profit actors
illustrating that effective adaptation and water resource management
requires coordination, collaboration, and mobilization of different re-
sources (Biagini et al., 2014; Kiparsky et al., 2012). These different
configurations of adaptation actions, across domains and sectors, can be
used to model potential future scenarios (Ruiz-Mallén et al., 2015).
Multiple factors likely contribute to the predominance of shorter-
term implementation horizons for the Critical Interventions that sur-
faced in the workshop. This may demonstrate difficulty in adaptation
planning when uncertainty increases over longer time horizons
(Kiparsky et al., 2012), but also may simply reveal the perception that
action is needed immediately to solve water quality problems in the
Lake Champlain Basin. For example, accounting for initial
establishment barriers, cover cropping in agricultural fields can be
designed to fit a farm’s management system, and is feasible to imple-
ment in the short term (Meals et al., 2010; Sarrantonio and Gallandt,
2003), while low impact development encompasses multiple potential
practices and stormwater management contexts, which may require
social, policy, and biophysical changes to be implemented (Roy et al.,
2008; Wright et al., 2016). Also, many of the interventions can be ca-
tegorized as “no regrets” (Kiparsky et al., 2012) adaptations in terms of
climate change uncertainty. Critical Interventions, including vegetated
buffers, improved road maintenance practices, and low impact devel-
opment, provide ancillary benefits in the watershed and can help to
increase cost effectiveness regardless of future climate change impacts
(UNEP, 2014). Other interventions are more preventative measures. For
example, the magnitude of the benefits from flood mitigation depends
on the occurrence of flooding. In addition, uncertainty of future con-
ditions, such as funding, governance systems, policy, and future prio-
rities of society and decision-makers, may have been the cause of dis-
agreement between participant groups about the proposed
implementation periods.
4.2. Applied crowdsourced solutions for research, policy, and practice
Stakeholder generated interventions from the crowdsourcing Delphi
are inputs to scientific inquiry, policy dialogue, and decision-making. A
subset of interventions and the analysis described (See Section 3.1) are
contributing to the ongoing research on pollution in the Lake Cham-
plain Basin under climate change (Isles et al., 2015; Koliba et al., 2016).
Specific stakeholder interventions about land use decisions and best
management practices, with varying implementation timelines, were
selected from this process and are to be included in forthcoming agent
based models of land use (Tsai et al., 2015; Zia et al., 2015). In the
effort to evaluate change in a social-ecological system and its govern-
ance network (Scheinert et al., 2015), a set of integrated assessment
models (Zia et al., 2014, 2016) account for the various actors and
adaptation actions embedded in the stakeholder interventions derived
from this research, and weighted stakeholder values can be used as
additional criteria to prioritize interventions and understand the
adaptive management implication of different governance scenarios.
Beyond what is demonstrated here, subsequent research and policy
agendas could motivate additional analyses of these same interventions
to include other key dimensions of inquiry.
The interventions from the crowdsourced Delphi process promote
social learning through feedback and exchange of ideas, and new so-
lution spaces to avoid path dependence (Pahl-Wostl et al., 2007). The
online Delphi forum already provided a platform for actors pre-
dominantly outside of the realm of decision-making to contribute
creative solutions to address a complex environmental problem. The
stakeholder-generated solutions from the forum described in this re-
search reached the Vermont State Legislature as it was poised to es-
tablish capacity and policy to improve Lake Champlain’s water quality
(VT-ANR, 2015). The Vermont Clean Water Network (VT Clean Water
Network, n.d.) is an example of a current initiative focused on in-
novation and creating a culture of clean water that is poised to build off
of the stakeholder interventions that emerged from the forum and
workshop.
Stakeholder engagement approaches spanning research, policy, and
practice require longer term thinking about sustainable water resource
and land management to build adaptive capacity (Fazey et al., 2014;
Pahl-Wostl et al., 2007; Peterson et al., 1997). Including stakeholders in
generating solutions can help clarify ambiguity and add legitimacy to
the scientific inquiry process that increasingly involves uncertainty,
politics, and inherent values (Bäckstrand, 2003; Failing et al., 2004;
MacMillan and Marshall, 2006; Reed, 2008). Stakeholder participants
in this research represented diverse expertise, types of knowledge, and
experience; this broad range of thinking is critical for negotiating goals
and achieving innovative solutions (Dietz et al., 2003; Pahl-Wostl,
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2009; Susskind, 2013). The integration of stakeholder knowledge in
identifying interventions to be tested expands adaptive capacity of the
broader system by producing a wider field for creativity and experi-
mentation (Peterson et al., 1997).
4.3. The use of a Crowdsourcing Delphi process for stakeholder
participation and feedback
The Delphi method and participatory processes in general can face
the challenge of maintaining engagement over time (Moore et al., 2009;
Reed, 2008). The online forum and workshop involved a month-long
campaign and effort to recruit participants from existing formal and
informal networks, and many visited the forum but did not contribute
their ideas. The legitimacy of the results depends on relative viewpoints
being represented that can be challenged if too many participants
dropout (Webler et al., 1991). Underrealized quality and diversity of
participant engagement likely limited the breadth and depth of pro-
posed solutions and interactive feedback for iterative refinement in the
Crowdsourcing Delphi. Hasson et al. (2000) stress the need to clearly
communicate to Delphi participants the purpose of the study and re-
quired commitment, to maintain involvement over time. Understanding
and responding to varying motivations for engagement in these types of
forums and making improvements to the online interface could help to
improve future participation (Crain et al., 2014; Reed, 2008). Institu-
tional and governance barriers to valuing knowledge co-production
with stakeholders also makes an important backdrop to understanding
the recruitment and retention challenges associated with this Crowd-
sourcing Delphi and potential alternative arrangements to facilitate
meaningful engagement (Klenk et al., 2015). Commitment over time to
participation as a process, and development of empowerment, equity,
trust, and learning is more essential than focusing narrowly on parti-
cipation methodologies and requires institutional support (Reed, 2008).
To accomplish this, processes need to be designed to be iterative over
time, engaging stakeholders to inform science and decision-making,
and adjusting to varying objectives and motivations for participation
(Klenk et al., 2015; Ker Rault and Jeffrey, 2008; Reed, 2008; Stirling,
2006; Welp et al., 2006).
The anonymity embedded in the online portion of this process is in
stark contrast with participatory workshops and citizen advisory panels
approaches previously reviewed (Ker Rault and Jeffrey, 2008; Gregory
and Keeney, 1994; Hage et al., 2010). Convening participants in person
can save time, help maintain participant involvement (Webler et al.,
1991), and provide useful exchanges of information and viewpoints
(Ker Rault and Jeffrey, 2008), but the lack of anonymity can present
destructive power dynamics and limit the development of novel out-
comes (Stirling, 2006; Powell, 2003; Clayton, 1997). Clearly identifying
the motivations and objectives of participatory engagement (Hage
et al., 2010; Renn, 2006; Stirling, 2006; Gregory and Keeney, 1994) can
help determine how to balance tradeoffs between anonymous and in-
person group dynamics. In this case, the anonymous Delphi online
forum enabled individual interventions to be collectively refined and
vetted by a broadly defined pool of “expert” stakeholders, resulting in a
summative representation of current thinking that reflects diverse
perspectives (Dalkey and Helmer, 1963; Fazey et al., 2014; Moore et al.,
2009).
The limitations of specific participatory approaches, including the
crowdsourcing Delphi discussed here, depend on the objectives and
context in which they are implemented (Reed, 2008; Stirling, 2006).
Tradeoffs of the Crowdsourcing Delphi are shown when considering
this approach as a means to ‘open up’ rather than ‘close down’ discourse
using Stirling’s (2006) types of participatory analysis. The creation of
an informal network through an online Delphi forum can promote
creativity and resilience by identifying opportunities to avoid un-
favorable path dependence in predominant management regimes over
time (Olsson et al., 2006). A carefully-designed stakeholder forum can
foster both “out of the box” thinking and grounded responses, giving
vital feedback to address environmental problems. Stakeholder solu-
tions that account for tradeoffs and risk perceptions can help avoid the
narrowing of alternatives (Bäckstrand, 2003; Failing et al., 2004). Al-
ternatively, future recruitment of participants could focus on specific
types of interventions, or domains, in a focused inquiry set to inform
decision-making in research, policy, or practice, serving the function of
“closing down” analysis (Klenk et al., 2015; Stirling, 2006). Discourse
could focus more narrowly on improving existing policies, practices, or
knowledge gaps to address coordination, implementation, or effec-
tiveness challenges. The development of analytical frameworks, en-
compassing a transdisciplinary research approach (Koliba et al., 2016;
Scheinert et al., 2015; Tsai et al., 2015; Zia et al., 2014) can include
iterative participatory processes like a Delphi forum to address specific
knowledge gaps (Klenk and Hickey, 2011; Stirling, 2006).
The networking, facilitated participation, and resource efficiency
benefits of the Delphi method’s architecture could be an example of a
“distributed moderation system,” which has been found to facilitate
civil and positive discussions in anonymous online crowdsourcing
forums (Lampe et al., 2014) and support transparency and account-
ability (Hilbert et al., 2009). The iterative phases of feedback to in-
tegrate represented viewpoints in a Delphi process can reduce bias,
even in the case that results from the online Delphi forum were not
exhaustive nor inclusive of all possible ideas (Angus et al., 2003;
Clayton, 1997). Through repetition, the Delphi method’s suitability,
documented process, participant recruitment, and stakeholder-pro-
duced list of interventions could be improved over time (Powell, 2003).
The set of collectively produced adaptive interventions derived from
the online forum and the multi-stakeholder workshop and the process
itself will need re-evaluation and continued engagement from stake-
holders as new knowledge and capacities are created, and governance
and environmental conditions are increasingly understood (Brugnach
et al., 2011; Fazey et al., 2014). In particular, interventions from the
online forum and workshop that raised concerns about effectiveness
and ease of implementation highlight the need of continued develop-
ment and a participatory process that supports ongoing evaluation
(Moore et al., 2009). Equally important, participant evaluation of the
ability of the process itself to elicit meaningful outcomes and con-
tributions to research, policy, and practice pathways, and demonstrate
the value of stakeholder effort and objectives, is a necessary component
of future online and in-person forums that could be easily integrated
but requires commitment (Klenk et al., 2015). The online forum’s
“Discussion” tab provided an opportunity for participants to discuss the
forum itself but was underutilized. Eliciting meaningful feedback about
participant experiences of stakeholder engagement process requires
careful attention. In the future, stakeholder engagement could be
iteratively assessed as a stage in the process, including post online
forum and workshop surveys to assess participant impressions of the
process and its outcomes. Given that the Crowdsourcing Delphi and
workshop was designed by the research team, evaluation from multiple
perspectives would be a distinct and important feedback mechanism to
inform research pathways, promote accountability, and facilitate
meaningful knowledge coproduction and adapt over time (Fazey et al.,
2014; Klenk et al., 2015; Stirling, 2006).
Crowdsourcing used to harness human problem-solving capabilities
in coupled human-natural systems has enormous potential (Crain et al.,
2014; Dickinson et al., 2013; Michelucci and Dickinson, 2016; Wiggins
and Crowston, 2011). Michelucci and Dickinson (2016) call attention to
the power of crowds in “problem-solving ecosystems,” with iterative
ideation, revision, evaluation, and integration rounds. The open colla-
boration crowdsourcing model (Prpić et al., 2015) could facilitate on-
going dialogues, to test and improve Delphi results, facilitate adaptive
management (Hess and King, 2002), and refine the process itself
(Rikkonen and Tapio, 2009). In addition to existing research efforts
modeling land use decisions and biophysical impacts on the landscape
(Tsai et al., 2015; Zia et al., 2015), collective mapping and sharing of
geo-coded data could be robust additions to future online forums; geo-
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location could help to identify and evaluate regional and landscape-
wide interventions (Hudson-Smith et al., 2009). The Delphi method can
be constructed to elicit processes, designs, or predictions that can be
applied to meet multiple objectives, and can evolve to meet new
challenges, integrate new information, and respond to change over
time. This type of crowdsourcing forum complements other processes
that are needed to build trust and expand entry points for stakeholder
contribution to bring forward areas of agreement and exchange
knowledge around tenable solutions (Clayton, 1997; Olsson et al.,
2006; Ostrom, 2010; Susskind, 2013).
5. Conclusion
The online Delphi forum and multi-stakeholder workshop combine
to form an example of applying a crowdsourcing effort to address real
world problems by connecting advances in social web technology with
established Delphi research methods. While some research in this area
exists, this is largely a new field and there is still a need to establish best
practices in crowdsourcing when it is applied to coupled natural-human
systems, including developing participant commitment over time, and
applying appropriate methods for data analysis. These approaches
provide immense opportunities for capacity building and participation
that can reveal insights that are not visible through current decision-
making and science channels. The interventions that emerged through
the online forum and stakeholder workshop described in this research
have been used to help validate the current policy dialogue in Vermont
and consideration of legislation under review to address phosphorus
loading to Lake Champlain Basin. Within a complex adaptive system,
the interventions reflect different social, economic, and land use con-
ditions and time horizons for incremental and transformational adap-
tations (Kates et al., 2012; Koliba et al., 2016; Park et al., 2012). The
Crowdsourcing Delphi method presents systematic tools and processes
to surface and synthesize expert stakeholder knowledge in a context of
uncertainty that can inform parameters for decision-making and
priority setting, and support an iterative and adaptive management
approach to complex environmental problems.
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